Cracks are life threatening wounds of concrete and concrete repair. Concrete and other cementitious materials-based structures and elements do not deteriorate by corrosion of embedded steel; they deteriorate by cracking. Corrosion is the effect, not the cause. Cracking of repair materials in surface repair is one of the major problems causing the premature failure of repaired concrete structures. Restrained contraction of repair materials is a critical factor leading to repair cracking. The performance of a repaired concrete structure cannot be realized without knowledge of the material's sensitivity to cracking -its deformational capabilities under restrained conditions. Some methods have been developed to the point that they can give a close idea of materials deformability, but this is not yet at a stage at which it can be reliably applied to in situ repairs. This paper summarizes the on-going findings of a research study intended to develop a laboratory/field-reliable test method to evaluate the cracking tendency of repair materials.
INTRODUCTION
There are no generally accepted test method to determine the long term performance of a material to be used for surface repairs, no standards for the performance evaluation of repair materials, and no rational basis to optimize the properties of repair materials. Even though some progress has been achieved recently, it is still difficult to reliably correlate laboratory test results to actual field performance and predict with reasonable confidence the cracking behavior of repairs.
In view of the above, and considering the urgent need for more rational design methods in the field of surface repairs, a project was initiated by the ad hoc task group CREEP with the following objectives:
• To select the optimum geometry of an experimental cavity-slab test configuration for repair materials. The size of the specimen had to be sufficiently small and light to allow easy handling, but still representative of an in situ repair.
• To perform characterization tests of repair materials used in testing the experimental repair configuration. The basic properties such as strength, modulus of elasticity, creep and shrinkage were to be determined.
• To perform several standard and non-standard, shrinkage and cracking sensitivity tests on repair materials.
• To evaluate the existence of a correlation between various shrinkage tests and the experimental repair test (Box test and/or Baenziger Block test). The results of the evaluation program performed in Phase I of this study and recommendations for Phase II are summarized in this paper [1] .
EXPERIMENTAL DETAILS

2.1
Repair slabs investigated Two types of cavity-slabs were investigated, one referred to as the Box and the other called the Baenziger Block.
Three different Box sizes were selected for evaluation in this task (Fig. 1 ). The Large Box was based on the slab used in a previous program [2] , with a revised geometry to increase its stiffness. All Boxes were required to be sufficiently rigid to prevent cracking during handling and to provide a sufficient degree of restraint.
In addition to the Box test, the Baenziger Block test was also used in this task [3] . The Baenziger Block is a prefabricated non-reinforced concrete slab with a superficial cavity (Fig.  2) . The thickness of the cavity is constant at 30 mm on 550 mm and then increases with a constant slope from 30 to 60 mm over the remaining 500 mm.
The concrete used in manufacturing the experimental repair slabs had a water/cement ratio of 0.43 and a design compressive strength of 35 MPa. For each Box size and Baenziger Block, a total of nine specimens were cast. The test specimens were stored and cured in a warehouse for about 10 months. Prior to that, all the exposed surfaces of the test specimens were sealed with a siloxane sealer (40 % solids) to avoid moisture absorption by the substrate concrete and subsequent volume changes. At the end of the conditioning period, the surfaces of the cavity were lightly sandblasted to remove the carbonated layer. 
2.2
Repair materials and test preparation This phase of the testing program ("screening phase") included material mixing and placing in the repair slabs, curing and monitoring for cracking for 18 months. Three repair material mixtures were selected so as to cover the typical drying shrinkage magnitude range. Each repair material was used to fill the cavities in three replicas of each of the three Box specimens and of the Baenziger Block specimens.
Immediately prior to placing the repair mixture, the surfaces of the repair slab cavity were coated with an epoxy resin to prevent moisture loss from the repair material mixture into the concrete substrate. Wet curing under burlap was performed for 3 days. After curing, the experimental repairs were exposed to the exterior environment and were systematically monitored for crack occurrence.
2.3
Material characterization tests The following basic material characterization tests were performed: compressive strength (ASTM C39 for concrete, ASTM C109 for mortars), modulus of elasticity (ASTM C469), splitting tensile strength (ASTM C496) and drying shrinkage (ASTM C157 modified). The mechanical tests were performed at 3 and 28 days using three moist-cured cylinder specimens for each test: 75 × 150 mm for concrete, and 25 × 50 mm for mortars.
The modification to the drying shrinkage test procedure was done in accordance with the USACoE REMR project [4] , using 75 × 75 × 275-mm specimens for concrete and 25 × 25 × 275-mm specimens for mortars. The length change tests were conducted in a room maintained at 23 °C and 50 % R.H. and started after 3 days of moist curing.
2.4
Restrained shrinkage tests Four different tests (one standard and three non-standard) were performed to evaluate the restrained shrinkage or cracking tendency of the repair materials used in he experimental repairs.
• Ring test -In the Ring test, a concrete/mortar ring is cast around a steel ring, which opposes the drying shrinkage contraction of concrete. The test has been performed in accordance with the REMR Ring test procedure [4] (Fig. 3) . The time at which the first crack appears and the evolution of the crack width over time are recorded on the 31.5 mm thick, 102 mm wide, and 318 mm in diameter concrete/mortar ring.
• German Angle test -In this test, a 70 × 70 × 1,000-mm steel angle is filled with the repair material [5] (Fig. 4) . To improve bond, an epoxy bonding compound is applied on the interior faces of the angle immediately before casting. Three angle specimens were cast for each material. After 3 days of moist curing, German Angle specimens were monitored for cracking for at least 180 days in both laboratory and field conditions. • SPS Plate test -The test involves the measurement over time of upward tip deflection at the unrestrained end of a clamped beam in standard laboratory and/or in situ conditions [4] (Fig. 5) . The specimen is a nominal 51 × 102 × 1,321-mm beam cast against a thin steel plate on the bottom of the form. The plate has a layer of epoxy with sand grit applied to improve bond to the repair material.
• BC (Beam Curling) test -The BC test is performed by measuring the evolution of the midspan deflection of a concrete or mortar beam exposed to drying on only one of its four longitudinal faces, the remaining surfaces being sealed [6] (Fig. 6 ). The BC test specimen consists of a 50 × 100 × 1,000-mm repair material beam cast over an epoxy coated steel plate (1.5 mm thick). All surfaces of the beam, except the top one, are paraffin-wax sealed. The test started after 3 days of moist curing and the reading schedule was identical to that of the length change tests. 
TEST RESULTS
The results of the testing program are summarized in Tables 1 to 3 Cracking shown in Figure 8 b) and corresponding to the P-mortar mixture is not considered drying shrinkage cracking. It is a surface phenomenon called "crazing" that will be addressed in the discussion.
Crack intensity analysis was performed for each material tested in each Box size, Baenziger Block and German Angle ( Table 2 ). The "crack density" approach was selected to characterize the cracking behavior, for which two quantitative parameters were selected (cracked area and number of cracks).
Results of the restrained shrinkage tests are presented thereafter. The Ring test results are summarized in Table 3 . A comparison of the results of SPS Plate and BC tests is then presented in Figure 9 . On the graph of this figure, the results of the BC test are expressed in terms of SPS Plate test (beam tip deflection calculated form the midspan deflection). 
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DISCUSSION
The results are discussed in the context of selecting an optimal geometry of a repair slab test specimen to evaluate a repair material sensitivity to cracking. In addition, the relation between cracking observed in experimental repair and results of the various shrinkage tests investigated was analyzed. 
4.1
Repair slab experiments The P-mortar mixture exhibited severe surface crazing in all repair slab tests, and therefore it was difficult to determine with a reasonable degree of certainty whether through shrinkage cracks had occurred. The Mortar mixture exhibited various degrees of cracking in each of the Box tests, irrespective of the size. On the contrary, the Concrete mixture did not exhibit cracking in any of the four different specimen geometries. To verify whether debonding of the material might be the cause for the absence of cracking, pull-off tests were performed on the experimental repairs. The results show that there was an adequate bond between all materials and substrate.
Based on the cracking density analysis, which is presumably the most reliable indicator of the material sensitivity to cracking, the Large Box and Baenziger Block represent the optimal experimental re-pair specimen geometries among those tested. However, the Baenziger Block is recommended for use in Phase II studies because of its ease of handling, smaller size, and lower weight.
Free drying shrinkage tests
There is a correlation between the free drying shrinkage test (ASTM C157) and cracking observed on experimental repairs. After two years of field exposure, the slabs filled with Concrete were not showing any crack while those filled with Mortar were exhibiting extensive cracking. The recorded 365-d drying shrinkage values are 930 µm/m for Concrete and 1790 µm/m for Mortar. Unsurprisingly, higher ultimate drying shrinkage strain lead to a more intense cracking density. However, it is not possible to establish a direct quantitative relationship since for instance the crack density of the mortar is not 1.8 times the crack density of the concrete regardless of the experimental repair configuration. The ASTM C157 is obviously recommended for use in Phase II of the research program.
4.3
Restrained shrinkage tests In the Ring test series, all materials tested exhibited very early first crack occurrence (less than 10 days). Unfortunately, these test results for Concrete do not seem to correlate with Baenziger Block test and Large Box test results. Still, the Mortar mixture exhibited cracking in Boxes and Baenziger Block and cracked at an earlier age than the Concrete mixture in the Ring test. Ring tests performed in accordance with the recently adopted ASTM C1581-04 standard ("Standard test method for determining age of cracking and induced tensile stress characteristics of mortar and concrete under restrained shrinkage") are recommended for Phase II of this study. As compared to the test procedure used in Phase I, it has the advantage of monitoring the evolution of strain in the steel over time, from which it is possible to calculate the corresponding induced stress in the concrete ring.
Cracking was observed in the German Angle specimens prepared with the Concrete mixture. This indicates that no correlation exists between German Angle and Baenziger Block test results. The cracking density in the German Angle test with the Mortar was 479 mm²/m², which is 2.5 times higher than in the Baenziger Block test. The results of the German Angle test also contradicted the results of similar tests reported by Emmons et al. (1998) . The German Angle test in not recommended for use in Phase II.
Finally, a good correlation between the SPS Plate test and the BC test for the Mortar and P-mortar. However, no correlation was found for the concrete mixture tested. In view of these results, further studies are recommended in Phase II of the project.
CONCLUSION
Based on the results of the Phase I of this study, the following conclusions and recommendation are drawn:
• Among the repair slabs investigated, the Baenziger Block is the optimal specimen configuration for evaluating the sensitivity to cracking of repair materials, and, therefore, it is recommended for further studies in Phase II of the project.
• The results of the Ring test configuration that was employed in this program did not allow for adequate direct correlation with experimental repairs. Therefore, it is recommended that studies in Phase II use the ASTM Ring test configuration (ASTM 
